The paper analyzes the condition of electrical grids in the west of the Republic of Sakha (Yakutia); data sampled for the last 10 years. It demonstrates the geographic location of grids, which defines the scale of the study. Technical indicators are presented for 10 years; they reflect an increase in the fixed assets. The paper derives mathematical models of the wear of transmission equipment used in the western grids. It proves that the condition of equipment will deteriorate further unless its maintenance is properly funded. The paper analyzes the prospects of electrical grids in the Republic of Sakha (Yakutia). It presents a program for local energy optimization. The costs associated with five alternative development scenarios are calculated and presented in a tabular format.
Introduction
Improving the reliability of electric power systems is one of the key challenges for the modern power engineering. Whether it could be successfully addressed depends on the operator being able to properly organize timely maintenance and repairs, use of appropriate decisionmaking methods to decide when system-wide maintenance is necessary [1] . This requires comprehensive studies into normal and emergency operation of grids, as well as measures to ensure smooth and reliable operation of such grids [2] .
Maintenance optimization, repairs, and diagnostics of electric grids in the North were studied by Yu.Z. Kovalyova, B.G. Menshova, M.S. Yershova, V.V. Sushkova, V.P. Frolova et al [3] .
Widespread use of electric power in various technological processes means that nowadays manufacturing depends ever more on reliable power supply [4, 5] . Emergencies and unscheduled outages, especially in winter or in permafrost, are likely to disrupt the process, damage the equipment, cause a loss of product or money, and lead to occupational injuries and fatalities [6] . This is why it is increasingly relevant to study the structure and condition of power transmission equipment [7] .
Yakutia's electric power industry is nowadays mainly built upon power plants and grids operated by PAO Yakutskenergo with a total installed capacity of 2143 MW; those produce 96-97% of the total power and 30% of the total heat in the Republic. HPPs account for 37.5% of the installed capacity. Centralized power supply is now available in about 36% of the Republic territory, or 18 out of 35 administrative entities, which account for >85% of the population. Four large power districts are isolated form each other capacity-wise: Central, Western, Southern, and Northern. PAO Yakutskenergo grids cover a total of 3.2 million sq.km.
The Western Power District mainly draws power from the HPPs located by the Vilyuy River: Vilyuyskaya HPP (Cascades 1 and 2), 680 MW of installed capacity; and Svetlinskaya HPP, 180 MW of installed capacity. Some settlements contain dozens of smaller diesel-fueled power plants (diesel gensets) that belong to different institutions and distribute electricity in a 0.4-to 35-kV range; these operate in isolation.
Object of research
Western Electric Grids (WEG) provide power to consumers in the Western Power District, Republic of Sakha (Yakutia), including Mirninsky District, Lensky District, Vilyuysk District Group (Suntarsky, Nyurbinsky, Verkhnevilyusky, Vilyuysky, and part of Kobyasky Districts). OPL L-242 connects Suntar to Olekminsk, which is located in the South-Yakut Power District, while a double-circuit 220-kV OPL connects the Talakanskaya TPP in the south of the Republic to the Irkutsk grids. WEG also includes backup diesel gensets located in Nyurba, Vilyuysk, Verkhnevilyuysk. The major consumers are the diamond industry and the oil-pumping stations. Note that the oil refining and gas production in Western Yakutia have been on the rise over the past 10 years. The largest consumers are: the oil-refining stations NPS-11,12,13,14 as well as PAO AK ALROSA factories: Mirninsky, Aikhalsky, and Udachinsky Mining and Processing Complexes [8] . Besides, the compressor stations CS-1 and CS-2 will be connected after the Power of Siberia gas line is complete and launched.
Total WEG coverage exceeds 800 km. Distance from the distribution grid bases to the most remote users may exceed 100 km despite the standard-specified optimum of 40 km. Table 1 presents the data on the changes in the WEG indicators over ten years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) .
As of January 1, 2018, WEG operated 92 35-to 220-kV stepdown substations (SS), 2790 MVA of total installed capacity; 1447 6-10/0.4-kV TS, 444 MVA of total installed capacity; and 8729 km of 0.4-to 220-kV overhead power lines (OPL). Ten years ago [10], i.e. as of January 1, 2008, WEG operated 88 SS (2765 MVA), 1037 TS (318 MVA), and 7607 km of OPL (same voltage categories).
Figure shows the geographical location of the Western Power District and its 220-110-kV OPL and basic TS; solid green lines for 220-kV OPL; solid black lines for 110-kV OPL; dashed green lines for 110-to 220-kV planned OPL.
Problem statement
The use of current state-of-the-art technologies of the West Siberian industries is likely to bolster the indicators of the Western Electric Grids: they will see an increase in the number and capacity of substations at various voltage levels, as well as in the total length of power transmission lines [11] .
Analysis of outages attributable to faulty power equipment operated by PAO Yakutskenergo shows that maintenance errors cause 4% of outages; defective installations and adjustments cause 3% of outages; erroneous design or structure cause 1% of outages; aging equipment and insulation wear cause 31% of outages; atmospheric and natural phenomena cause 28% of outages; third parties cause 16% of outages; 17% of outages happen for other reasons.
When planning repairs and retrofitting of grid equipment, the WEG take considerable effort to diagnose and visually inspect the equipment [12] . To determine the repair methods and deadlines, all the equipment is separated by the condition factor (% wear) into five groups, ranging from the Good Condition (20% wear) to Critical (>80% wear) [13] .
Condition Index is calculated to determine the operating condition of the WEG-operated fixed assets. The index is calculated using a special method per draft Order of the Ministry of Energy [14] . Equipment wear (shown as %) is an inverse of the Condition Index; it is used to group the equipment to determine repair methods and deadlines.
Like the entirety of PAO Yakutskenergo, WEG OPL are mainly supported by wooden pylons; the percentages are as follows: wooden pylons account for 92%; metal pylons account for 7%; reinforced-concrete pylons account for 1%.
Based on the processing, analysis, and generalization of PAO Yakutskenergo grid statistics, the specific OPL failure rate per km a year is: 3% for wooden pylons; 13% for reinforced-concrete pylons; 10% for metal-tube pylons.
Given that the pylon service life is maxed out at 25 to 30 years, 80% wear is allowable for 7% to 10% of wooden pylons in 35-to 220-kV mainline grids, or for 10% to 12% of pylons in 6-to 10/0.4-kV distribution grids at max. However, state-of-the-art analysis shows that such 220-kV lines as L-203, 204, 206, or 110-kV lines such as L-108, 109, 117, 119 are operated in a "deteriorated condition"; OPL and substation equipment deteriorate more and more every year [15] .
Research methodology
To describe the dynamics of WEG power equipment wear, the researchers developed mathematical models based on the time-to-failure distribution and used MatLab for calculations and approximation of the empirical functions.
Choosing a distribution law is by and large an indefinite and subjective procedure, which largely depends on the a priori knowledge of the object, its properties and operating conditions. Apparently, which distribution will be chosen depends primarily on the empirical failure distribution density function f(t) as well as on the failure rate function λ(t). Exponential distribution is commonly used for assessing the reliability of power facilities. However, this paper is devoted to the "aging" facilities. This is why the research team has chosen the log-normal distribution, which describes the time-to-failure in such facilities where failure is attributable to fatigue [16, 17] .
If the value lg(t) is normally distributed with the mathematical expectation U and standard deviation V, the value T is deemed to have a log-normal distribution, where the failure distribution density is as follows:
U and V can be approximated using the statistical data:
Numeric characteristics such as mean time to failure and its variance will therefore equal:
This distribution law was applied to the statistical data on the WEG power equipment condition over the last 5 years (2013-2017). Calculations were run in MatLab, a tool proven useful for mathematical and engineering calculations [18, 19] .
Research results
Source data for mathematical modeling is shown in Figure 1 , which presents the increase in the WEG fixed assets wear over 2013-2017. While the overall wear of fixed assets fluctuates, as those are partially retrofitted or overhauled, the OPL and SS equipment wear is only increasing [20, 21] .
Fig. 1. Fixed assets wear.
MatLab was used to analyze the data and derive three mathematical models (approximated functions) to describe the dynamics of OPL, SS, and transmission equipment wear; three of the functions feature linear dependency while one has a polynomial dependency. For linear dependencies, MO and CKO equal, respectively: for OPL: y=2.16x+58.08; R2=0.9997; for transmission equipment: y=2.84x+52.54; R2=0.9907. For the polynomial dependency of substation equipment wear, MO and SKO are defined as follows: y=-0.3x 3 +3.8714x 2 -6.9286x+32; R2=0.9991. Consider the efficient designs for laying electrical grids to remote settlements. Actions at generating facilities in the remaining municipalities are taken based on the most efficient Scenario 1 or Scenario 2 solution 4
High proportion of renewable energy
Determine the installed capacity of generating facilities as is conventional: the installed capacity must be 150% to 350% of the peak consumer load. Additionally, construct renewable energy facilities to further reduce the economically sound electricity tariffs 5
Grids and renewable energy
Consider the efficient grid construction designs from Scenario 3 and assume the retrofitting of nonconnected facilities from Scenario 4
The presented mathematical models ( Figure 2) show positive dynamics in the wear of fixed assets. Annual average increase in wear is: 2.2% for 110-kV or highervoltage OPL; 6.3% for 110-kV or higher-voltage SS equipment.
The obtained mathematical models indicate that the probability of WEG increase in wear is 95% [22] [23] [24] [25] .
The problem was discussed as part of the agenda for State Council Presidium Meeting No. 2288 dd. May 03, 2015; the meeting resolutions included an order to draft a Long-Term Local Energy Optimization Program (LEOP). The Program is mainly aimed at:
1. Providing high-quality reliable power supply to remote settlements [26] ; 2. Reducing the subsidies to the local electric power industry in the Republic of Sakha (Yakutia);
3. Upgrading the fixed assets that are in poor condition.
For each generating facility, the LEOP considers several retrofitting options: replacement with diesel units; replacement with oil units; replacement with gas units (mainline gas or liquefied hydrocarbon gas); use of renewable energy (wind and solar farms) [27, 28] ; assigning a generating facility to the backup set and using power transmission lines only; establishment of regional power systems, power consolidation and advancement of the power grid complex.
Analysis into these options has produced a list and a schedule of actions that must be taken at local generating facilities while reporting the indicators that describe the technological and cost effectiveness [29, 30] . Thus, the LEOP provides 5 alternative scenarios, see Table 2 .
All the scenarios are aimed at reducing the economically sound electricity tariffs while reducing the subsidies to the local generation facilities. Table 3 compares these scenarios economically.
All the scenarios imply an increase in the oil consumption at AO Sakhaenergo generation facilities. AO Sakhaneftegazsbyt infrastructure and backups will need an upgrade. Upgrade will cost approximately 203 million rubles in 2016 prices (without VAT). These costs are not included in the LEOP and require further clarification.
Conclusion
The authors have analyzed the condition of power equipment operated by the Western Electrical Grids. The paper presents 5-year statistics on OPL, SS equipment, and WEG transmission equipment wear. Mathematical models have been constructed to describe the positive dynamics of power equipment wear. The current OPL and SS (110-kV or higher) maintenance and repair budget of the WEG branch, PAO Yakutskenergo, cannot enable timely recovery of power transmission equipment or any reduction in the wear of fixed assets. Considering the effective electricity tariffs, higher maintenance and repair expenses are not an option.
The analyzed Local Energy Optimization Program of the Republic of Sakha (Yakutia) will definitely help to improve the reliability and fail-safety of individual WEG elements (SS and OPL); however, lack of repair and restoration of WEG fixed assets will likely result in 95% of the 110-kV substation equipment failing by 2023.
